T here is currently no systematic approach for the evaluation of shallow, weathering-related breakdown of excavated rockslopes. The ad hoc approach often adopted to assess this type of rockslope deterioration gives rise to unplanned resource requirements or, alternatively, results in resource wastage because of over-design or excessive and unnecessary monitoring and inspection. A field investigation of over 200 slopes in the UK found deterioration to be widespread in excavated road cuts and disused quarry slopes. Deterioration is manifest in a range of erosional processes, which are classified according to constituent material size, relative velocity of movement and frequency of occurrence. These erosional processes correlate well with the type of rock mass in which they occur and result in a range of distinctive small-scale erosional and depositional slope forms. A new, threestage approach to slope hazard assessment, Rockslope Deterioration Assessment (RDA), is proposed, which addresses shallow, small-scale weathering-related erosion of rockslopes. In RDA stage one, rockslope susceptibility to deterioration is assessed via the application of ratings to intrinsic and extrinsic influences and controls on deterioration. In stage two, the nature of the likely deterioration hazard is qualitatively reviewed with reference to rock mass type and slope morphology. In stage three, guidance on appropriate mitigation is provided, based on the findings of stages one and two.
Observations in disused limestone quarries in Derbyshire, UK, prompted questions on the applicability of existing weathering and rock mass classifications, and forms of numerical analysis for assessing the small but frequent falls of rock that were evident. Evaluation of discontinuity-controlled and deep-seated slope failures is standard practice at the design stage for rock excavations. However, there is no systematic approach to the assessment of shallow surface processes and progressive, weathering-induced erosion. This is because deterioration is often not perceived as a significant risk, it is difficult to quantify and its mechanisms are poorly understood.
Deterioration is defined here as shallow, progressive, physical and chemical alteration of rock material and its subsequent detachment and removal or redistribution by transport agents. It is usually small in scale relative to more deep-seated failures but it is difficult to specify precisely the size of event involved. The term 'deterioration' is useful because it encompasses the combined results of weathering, detachment and transport acting on a rockslope, manifest as a range of erosive processes and small-scale mass movements. The term has not commonly been used in engineering geology; nevertheless, there are several examples of its use in the context of small-scale rock breakdown mechanisms (e.g. Kirkwood & Dolecki 1993; Topal & Doyuran 1997; Wüst & McLane 2000) . Deterioration occurs because excavation disturbs the rock mass by releasing confinement, leading to expansive recovery (Feld 1966; Gerber & Scheidegger 1969; Nichols 1980) , and because excavation exposes a rock mass to ambient environmental conditions such as fluctuations in temperature and moisture. Equilibrium is re-established through progressive and accelerated breakdown and erosion of the slope (Gunn & Gagen 1987 ).
An investigation was conducted in which 210 slopes around the UK were observed and evaluated. Interviews with highway authorities and quarry operators were also undertaken with a view to obtaining anecdotal evidence of deterioration hazards. The assessed slopes comprised 46% road cuttings and 46% disused quarry faces. A small number (6%) were situated in active and semi-active quarries and 2% were natural rockslopes. Approximately half the slopes investigated were cut in sedimentary rock, and igneous and metamorphic rocks made up equal proportions of the remainder. Most of the commonly occurring rock types in the UK are represented in the investigation (full details have been given by Nicholson 2000) . The field investigation revealed that although deterioration is widespread, both geographically and lithologically, the nature of the hazard varies enormously and the potential consequences of deterioration are strictly dependent on sitespecific factors. The safety hazard posed by small-scale, weathering-related breakdown of slopes has been recognized by others (e.g. Bunce et al. 1997; Walton 1988) . However, anecdotal evidence obtained during the course of this investigation also revealed deterioration to be a significant engineering problem. This is because deterioration has the capacity to weaken the rock mass and material, reduce support and modify slope morphology in a way that is difficult to predict, both temporally and spatially. Furthermore, these modifications may affect the slope throughout its design life and may result in a significant resource burden through unplanned requirements for maintenance and remediation. Additionally, anecdotal evidence was obtained that resource wastage occurs because of over-design, or excessive and unnecessary inspection and monitoring. Full findings of this field investigation have been presented by Nicholson (2000) , and selected results and case studies have been presented by Nicholson & Hencher (1997) and Nicholson (2003) .
Current approaches to slope hazard assessment
Many of the current approaches to assessment and classification of rock masses (e.g. Geological Society Engineering Group Working Party 1977; Bieniawski 1989) and their stability (e.g. Hack 1998; Hack et al. 2003) contain elements that could be used in the evaluation of rockslope deterioration. However, these methods were not specifically designed for that purpose and therefore have a number of inadequacies and limitations in this respect. For example, the Rock Mass Rating system devised by Bieniawski (1973 Bieniawski ( , 1976 and modified by Romana (1988) for use in slope stability assessment, was designed for modes of failure that depend upon the presence of distinct discontinuity planes. This is also true for kinematic analysis using stereographic projection techniques (e.g. Hoek & Bray 1981; Walton 1988) and for limit equilibrium analysis (e.g. Nash 1987). In theory, the movement of even a small fragment of rock within a slope will usually involve some element of sliding or toppling and could therefore be analysed using these concepts. However, analysis of the stability of individual rock fragments constituting a large rockfall, for example, is simply not practicable. In practice, many forms of weatheringrelated deterioration are independent of large-scale discontinuity planes. Most rock mass classifications have been designed to evaluate support requirements for tunnelling and other underground excavations in rock (e.g. Bieniawski 1973; Barton et al. 1974; Laubscher 1977; Kendorski et al. 1983) . Selby (1980) and Romana (1988 Romana ( , 1993 have developed rock mass classifications specifically designed to address slope instability, the former for natural slopes and the latter for excavated slopes. However, even where specifically designed or modified to address slope stability (e.g. Hack et al. 2003) , rock mass classifications are not generally applicable to deterioration problems. This was illustrated very clearly by Ross & Reeves (1995) , who applied several analytical methods to two igneous highway slopes in Scotland. They found that rock mass classification, stereographic projection and discontinuity analysis failed to match the actual maintenance requirements of the slopes under consideration.
A number of weathering classifications have been published (e.g. Moye 1955; Ruxton & Berry 1957; Chandler 1972; Martin & Hencher 1986; Geotechnical Control Office 1988; Geological Society Engineering Group Working Party 1995) , but these are designed to provide a description of the static condition of the rock mass or material as a result of past weathering and do not attempt to address time-dependent processes or the susceptibility to future weathering. They also do not consider the dynamic transport phase of deterioration, which is critical in determining its effects and thus its mitigation.
Several slope and rockfall hazard assessment schemes have been published (e.g. Sinclair 1992; Bunce et al. 1997; Franklin & Senior 1997a, b; McMillan & Matheson 1997 , 1998 ) and a number of rockfall trajectory studies have been conducted (e.g. Ritchie 1963; Mak & Blomfield 1986; Spang 1987; Robotham et al. 1995) . Again, there are elements of these that would be useful in the evaluation of rockslope deterioration, but many were designed for purposes that restrict their applicability in this context. Some schemes, for example, emphasize slope failure by rockfall but do not deal with the wider range of slope processes relating to weathering. Others address natural, rather than excavated slopes, or are applicable to specific conditions in a very limited geographical area. Some schemes also emphasize the mechanism of fall but not its likelihood, consequences or mitigation. Very few rockfall hazard assessment methods are applicable prior to excavation (i.e. proposed slopes). The Rockfall Hazard Rating System (RHRS) (Pierson et al. 1990 ) and its subsequent modification by others (e.g. Franklin & Senior 1997a; Budetta 2003) contains several rating components (e.g. average vehicle risk, roadway width and rockfall visibility), which restrict its use to slopes alongside roadways.
Rockslope Deterioration Assessment (RDA)
As a result of the field investigation referred to above, a new, three-stage approach to slope hazard assessment, called Rockslope Deterioration Assessment (RDA), is proposed ( Fig. 1) . Throughout, the terms 'hazard' and 'risk' follow definitions by the International Union of Geological Sciences (IUGS) Working Group on Landslides, Committee on Risk Assessment (1997).
Usage of the term 'susceptibility' follows the study by Harp & Noble (1993) , where the term describes the relative potential for a rock mass to deteriorate. Susceptibility can be regarded as a component of the deterioration hazard (Chowdhury & Flentje 2002) . RDA addresses shallow, weathering-related erosional processes and mass movements. In RDA stage one (presented below), the susceptibility of a rockslope to deterioration is assessed semi-quantitatively by the application of ratings to a range of selected intrinsic and extrinsic factors. In stage two, the nature of the deterioration hazard is assessed qualitatively with reference to rock mass type and slope morphology. In stage three, guidance on appropriate mitigation is provided, based on the findings of stages one and two. A deductive, a priori approach was used to develop the RDA method. Deterioration nature and potential for a given slope was predicted in advance of field observation on the basis of current, established knowledge of weathering processes and the role of intrinsic properties and external influences. This prediction was used to determine appropriate RDA ratings and adjustment factors, which were then modified and refined in the light of field investigation as part of a continuing, iterative process.
The primary aims of RDA are to: + provide a relative measure of the susceptibility or potential for rockslope deterioration based on an evaluation of selected criteria;
+ allow the nature of the deterioration hazard to be determined and evaluated; + indicate appropriate slope treatment and maintenance measures.
There is no attempt in RDA to accurately predict the magnitude, frequency or timing of the deterioration hazard. Current knowledge of weathering and slope processes is probably inadequate to achieve this. However, certain inferences about magnitude and frequency can be made if the type of deterioration hazard has been identified. RDA is applicable to existing and proposed excavated slopes in rock, such as road cuttings and disused quarry faces. With caution, RDA can be applied to natural, as well as man-made slopes. RDA concerns slopes where the primary agent of slope modification is in situ weathering and subsequent transport of the weathered product. Therefore, it is not appropriate in situations where the primary agent of slope modification is an erosive process such as natural marine or fluvial undercutting, or active, continuing excavation by man. The numerical probability and potential losses (i.e. risk) associated with deterioration hazards are not specifically addressed in RDA. The risks associated with deterioration are inevitably a function of a number of factors including adjacent land use, vehicular and pedestrian access, the nature and vulnerability of potential casualties (e.g. human, animal, structural, vehicular) and proximity of potential casualties. These factors need to be addressed on a site-by-site basis. Unlike other rockfall hazard assessment methods, RDA is not intended to be an inventory system with the objective of assigning priority for treatment. It is intended for evaluation of deterioration hazard for the specific slope under investigation. That said, RDA stage one (see below) does allow slopes to be compared against each other on the basis of their intrinsic mass and material properties.
There are a number of benefits in the application of RDA. 
BREAKDOWN OF EXCAVATED ROCKSLOPES 329
(1) Properties or conditions most critical to rockslope deterioration susceptibility are identified, resulting in a form of qualitative sensitivity analysis.
(2) Rockslopes can be subdivided into zones of similar deterioration susceptibility and those zones requiring more detailed investigation or monitoring are highlighted.
(3) An RDA class is assigned for a given range of characteristics and represents the degree of hazard susceptibility. This class forms the basis of guidance on the nature of the hazard and its mitigation.
(4) Application of RDA allows comparison of different rockslopes and thus provides a common basis for communication.
(5) Field investigation necessary for RDA provides quantitative data, which can be used in slope design, deterioration mitigation and maintenance planning.
(6) The method is widely applicable, requires little data input and allows rapid assessment.
Many of the above follow the reasons of Bieniawski (1989) for classifying rock masses in general.
Prior to application of RDA a preliminary appraisal should be undertaken to subdivide the rockslope into relatively homogeneous zones (or structural regions and domains; Piteau 1973). Each zone should be assessed separately. Where zones are not sufficiently distinct to be treated separately, engineering judgement must be applied to determine an appropriate assignment of ratings.
Over a period of 3 years, MSc engineering geology students have assisted in testing RDA by applying it to slopes in West Yorkshire and Cumbria during fieldwork. Despite receiving no prior training in the use of the method, over 70% of ratings assessments made by students (RDA stage one, see below) were within half an RDA Class of ratings determined by the author. This indicates a high level of reproducibility and a minimal training requirement. Some modifications to earlier versions of RDA were made in response to its evaluation by these students to facilitate use. RDA can be undertaken rapidly, largely through visual inspection and with minimum use of field equipment. Experience suggests that the time required to undertake a full RDA depends on the level of pre-existing knowledge of the slope and location, the amount of variability inherent in the slope and the experience of the operator. A complex slope that required subdivision into several zones might take 2-3 hours to assess fully, but a simple, single-unit slope could be assessed in 30-60 minutes. If a pre-excavation RDA has already been undertaken on the basis of desk study information, a refined RDA could probably be completed in around 30 minutes. RDA has only minimal requirements for equipment (e.g. geological hammer, tape, caliper or ruler, compass clinometer).
Below, the main components of RDA are presented. Some of the accompanying diagrams and tables are necessarily given in an abridged form. Full details and 
Rock mass properties: maximum total rating = 50
Fracture spacing (block size) (maximum rating = 35) Fracture aperture (maximum rating = 15) Crucially, fracture spacing should include ALL discontinuities deemed to have a tensile strength less than that of the intact rock even if these are incipient hairline cracks (e.g. Selby 1980) or potential weathering lines (Whalley et al. 1982) . So, discontinuities induced by excavation, weathering, rebound or other anthropogenic causes should be included along with bedding planes, joints, faults and other lithological fractures. Discontinuity spacing can be determined using orthogonal scanlines or by estimating mean block size from visual assessment Fracture aperture is extremely important in weathering, allowing root growth, water flow, block wedging, wall weathering and dissolution, providing chutes for material redistribution and contributing to the general 'looseness' of the rock mass. The shear strength of fracture walls is much less important in deterioration than for slope instability. Once a fracture is open, any subsequent increase in aperture has relatively little impact. Hence, the largest increase in ratings occurs for narrow apertures. Aperture should be measured in relation to separation of fracture walls regardless of infilling (unless the fracture is healed) Rock material properties: maximum total rating = 50 Rock compressive strength (maximum rating = 35) Rock material weathering grade (maximum rating = 15) Intact rock strength is considered much less important in rock mass classifications than discontinuity spacing (e.g. Bieniawski 1973; Hack & Price 1993). However, rock strength is of equal importance in deterioration, as weathering processes probably attack rock material as much as the discontinuities contained within it. Rock strength also reflects rock properties such as texture, density and porosity and is a reasonable surrogate for durability. There are a variety of ways to determine or estimate compressive strength in the field and laboratory (e.g. BS 5930: British Standards Institution 1999)
The assessment of material weathering should be based on the static weathering condition of intact rock, not discontinuity walls. The classification system adopted is that produced by the Geological Society Engineering Geology Working Party (1995) to describe uniform materials (Approach 2) and is based on Moye (1955) . Ratings to be applied are as follows: fresh 0; slightly weathered 5; moderately weathered 10; highly weathered 14; completely weathered 15. Intermediate values can be used as appropriate guidance notes for RDA are available online at: http:// www.egs.mmu.ac.uk/users/dnicholson/index.html (select Rockslope Deterioration Assessment from the left-hand menu).
RDA stage one Key parameters
In RDA stage one, two sets of ratings are applied to field data to produce an RDA Class. The first set of ratings apply to four key parameters (Table 1) , two of which, discontinuity spacing and aperture, relate to rock mass properties, and the other two of which, rock compressive strength and weathering grade, relate to material properties. The rock mass and material properties are weighted equally, giving a maximum unadjusted RDA Rating (RDA U ) of 100 ( Fig. 2 and Table 1 ). Ratings are weighted such that higher values equate to an increased susceptibility to deterioration (this is converse to some rock mass classifications where a high value indicates better quality). The ratings and parameter values adopted result from an iterative process in which theoretical, predicted ratings and threshold values were modified and refined on the basis of field observations of actual slope deterioration and measurement of associated parameter values. The RDA U Rating provides a relative measure of deterioration susceptibility associated with the intrinsic mass and material properties of the excavated rock mass under consideration. In this respect it allows comparison of fundamental geological influences on rockslopes in different rock masses without being complicated by a wide range of external factors.
When applying ratings to properties, due consideration should be given to any stabilization measures already in place. For example, if multiple blocks are effectively behaving as a single block because of existing rockbolt reinforcement, discontinuity spacing should be reduced accordingly, or where fractures have been sealed, discontinuity aperture should be regarded as zero. Where the surface of the rock has been covered (e.g. by shotcrete) the rock should be classified as unweathered and intact. Where mitigation measures merely provide a protective function (e.g. netting, rocktrap ditch), values for key parameters should be determined in the normal way.
Adjustment factors
The second set of ratings are adjustments made on the basis of the potential impact of external conditions (Tables 2 and 3 , Figs 3 and 4) including environmental conditions, stress conditions, engineering factors and excavated slope characteristics. The RDA Rating adjustments serve two primary purposes: (1) to adjust the RDA U Rating to reflect deterioration susceptibility based on actual site factors; (2) to draw attention to particular factors that influence deterioration behaviour. The ratings for these adjustments vary from 10 to +13, in recognition of the fact that some influences increase deterioration susceptibility (positive values) whereas others reduce deterioration susceptibility (negative values). Most of the adjustments are given as ranges. This is deliberate, to allow for engineering judgement to respond to local conditions. Guidance notes to assist in selecting appropriate adjustments have been given by Nicholson (2000) and are also available from the web site. As a general guide, a small number of adjustments will apply for most rockslopes. A typical total adjustment lies in the range 5 to +15 (Nicholson 2003) , but could, in rare circumstances, be as much as 25 or +25 (i.e. more than one RDA Class). 
trees). Refer to H3c
Up to 2 E Dynamic stress 1.a Dynamic loading owing to quarry blasting in close proximity (<100 m) to the slope 1 to 3 1.b Ground vibration owing to traffic movement on high-speed roads in very close proximity (<10 m) to the slope 2 to 4 F Excavation method Excavation method adjustments should be ignored for EXISTING rockslopes. For PROPOSED rockslopes, obtain an adjustment from the 'RDA Rating adjustment for excavation methods' ( 2 to 7 J Slope geometry 1.a Slopes (or individual risers in benched excavations) with a height >15 m 2 to 5 1.b Slopes wholly or partly composed of benches less than 1.5 m in height 2 to 5 1.c Slopes with a total height less than 4 m 2 to 3 2.a Uniform, planar surface with little irregularity or large-scale roughness in highly weathered or soil-like materials. Apply only to EXISTING slopes Up to 3 2.b Uniform, planar surface with little irregularity or large-scale roughness on slopes cut in rock. Apply only to EXISTING slopes 3 to 0 K Rock mass structure For rock masses with extremely poor material properties and vice versa and where the RDA U Rating for the two unfavourable parameters is >35, the total RDA U Rating must be adjusted as in 1 below using the chart given in Fig. 4 1.a Where RDA U for the two favourable parameters is 0-10% of the rating for the two unfavourable parameters 13 1.b Where RDA U for the two favourable parameters is 10-20% of the rating for the two unfavourable parameters 9 1.c Where RDA U for the two favourable parameters is 20-30% of the rating for the two unfavourable parameters 5 2.a A single, dominant, regular set of regular fractures such that there are very few discontinuity intersections 1 to 7
2.b Rock mass dominated by angular, blocky shapes with at least one acute angle (e.g. highly interlocking) 3 to 0 3
Highly variable or composite rock mass containing discrete zones of contrasting rock mass and/or material properties (e.g. highly fractured areas, shear zones), which cannot be evaluated separately 0 to 7 or 7 to 0 4 Favourability of dip angle and direction for recurring fracture sets (favourable = 0; unfavourable = 1-3; very unfavourable = 3-6)
Up to 6
NICHOLSON
The underlying principle in applying adjustments is that they are applied to conditions affecting nonstandard rockslopes. A 'standard' rockslope is regarded as an existing slope situated in a protected, low-altitude location in a marine temperate climate (e.g. the UK). It is not subject to any significant dynamic or unusual static stresses and is up to 15 m in height. The slope is dry, has no vegetation cover or remedial works, and is not subject to any direct disturbance. The slope has been recently excavated (e.g. up to 1 year) and its physical structure neatly fits into one of seven rock mass types (identified in RDA stage two).
Most adjustments apply both to existing rockslopes and to proposed slopes (i.e. those being assessed from intrusive investigation and/or surface exposures prior to excavation). However, some adjustments apply only to proposed rockslopes (e.g. deep excavations, D1; excavation method, F) whereas others apply only to existing rockslopes (e.g. stabilization and protective measures, G1; slope geometry, J2.a and J2.b). For each subgroup, no more than one adjustment should be used for each group of similarly numbered items.
The adjusted RDA Rating (RDA A ) is found as follows: 
Sheltered
For example, a two-lane highway with excavated rockslopes on each side, notwithstanding any other extremes of altitude or climatic conditions. Alternatively, a continuous, multiple-layered belt of evergreen trees located opposite the rockslope, reaching to at least the height of the slope and densely underplanted with evergreen shrubs. The distance between the shelterbelt and the slope would need to be less than twice the height of the slope. A discontinuous, or single-layered, or deciduous tree belt provides less shelter. A slot-like quarry location or surrounding higher relief in close proximity also provides considerable shelter Slightly exposed For example, a medium-sized quarry enclosed on all sides. 'Medium-sized' depends on the length and breadth of the quarry, and also on the relationship of these dimensions to its depth. A dual carriageway with cuttings on either side is another example Moderately exposed For example, a very large quarry with no shelter provided by its basin-like form. A motorway crossing open land that passes through cuttings would be another example, as are slopes that face onto land that is open for up to 1 km away Very exposed For example, slopes situated on topographic highs at higher altitudes overlooking land that falls away into the distance, with no shelter provided and completely exposed to the elements. Individual units of a such slopes that were locally protected by close proximity vegetation, structures or other slopes might be classed only as moderately exposed 
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where RDA U = -(fracture spacing + aperture + rock + weathering grade) and total adjustment = -(A + B + C + D + F + G + H + J + K + L + M). Theoretically, the RDA A Rating could lie outside the range 0-100 but in practice this is extremely unlikely. RDA was applied to over 200 slope units and comparison with field observations and documentary evidence indicates that the weightings work well and are a good reflection of actual deterioration. The RDA A Rating is divided into five RDA Classes with boundaries evenly distributed between zero and 100. Class 1 (RDA A %20) represents rockslopes with a very low susceptibility to deterioration and Class 5 (RDA A >80) represents rockslopes with a very high susceptibility to deterioration.
Once the RDA A Rating has been determined, reference can be made to Table 4 to gain an indication of general approaches to mitigation for each class. This guidance is useful for feasibility planning, and is not intended to provide a basis for detailed planning of 
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mitigation and protective measures. Observations made during the research indicate that successful mitigation needs to be based on a good understanding of the nature of the deterioration hazard. Deterioration of rockslopes can be mitigated using a variety of approaches. Slope treatment can be reactive; that is, works are carried out in response to infrequent or minor deterioration of a slope. A passive approach can be adopted, where the effects of deterioration are reduced by containment (e.g. rocktrap ditch and fencing) and protection (e.g. barrier). An active approach can be adopted where the quality of materials forming the slope is either improved or reinforced (e.g. shotcrete, dentition and rockbolting). An intrusive approach can be adopted where substantial slope support, buttressing and retention are introduced (e.g. retaining walls and underpinning). If it is accepted that deterioration has too much damage potential to be treated or mitigated successfully, major slope redesign can be undertaken (e.g. modify geometry, increase standoff). In all of these approaches it is probable that drainage measures will form a part of the overall solution.
RDA Stage two

Rock mass type
In RDA stage two the nature of the potential deterioration hazard is evaluated. The first step is to establish what type of rock mass the slope under consideration is cut into. Three primary types of rock mass, each subdivided, have been identified from field investigation, defined largely on the basis of the spatial distribution of open fractures and rock mass structure. Certain types of rock mass have a strong lithological association and, therefore, material properties are also reflected in the classification. The rock mass types are massive (weak or strong), layered (normal, fissile or composite) and blocky (regular or irregular). In addition, several subsidiary types of rock mass are identified; namely, intensely fractured zones, soluble rock masses and composite structure. These represent structural and/or lithological characteristics that may be superimposed on the primary rock mass type. To assist with the identification of rock mass type a series of guidance notes is provided (Fig. 5) and further detail has been provided by Nicholson (2002) . These notes indicate the geological occurrence of each type of rock mass, associated deterioration transport mechanisms, special characteristics and a typical RDA A Class. For existing slopes, it is relatively simple to determine the rock mass type that most closely matches that under consideration. When assessing slopes prior to excavation it will be necessary to make an informed estimate based on desk and field survey data. 
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Deterioration transport mechanisms
It is important to recognize that the identification of deterioration transport mechanisms lies at the heart of RDA because critically these determine, in large part, the slope treatment and maintenance measures required. This was postulated by Franklin & Senior (1997b) , who wrote: 'Correct identification of potential instability mechanisms and their cause is essential when prescribing treatments'. The relationship between deterioration transport mechanisms and mitigation is reflected in the treatment measures matrix presented in stage three of RDA (see below). Deterioration transport mechanisms have been classified (Fig. 6) according to constituent material size, frequency of occurrence and relative velocity of movement (Nicholson et al. 2000) . Constituent material size is divided into grains (<20 mm), stones (20-200 mm) and blocks (>200 mm). Frequency of occurrence can be semi-continuous (progressive erosion or mass movement from a given location), sporadic (erosion or mass movement at cyclic or other recurring intervals) or isolated (one-off erosion or mass movement events). Semicontinuous erosion and mass movement processes include ravelling (subdivided into grain, stone and block ravelling), flaking, wash erosion, solution, karstification and flexural toppling. Sporadic processes include fall (subdivided into grain, stone and blockfall), contour scaling, slabfall and toppling. Isolated processes include small-scale, weathering-related rockfall, debris flow and rockslide.
Having identified the type of rock mass structure (Fig. 5) for a given slope and the likely associated deterioration transport mechanisms (Fig. 6) , detailed guidance notes on the latter (Fig. 7) can then be consulted. These provide a brief description of the deterioration transport mechanisms involved, their typical geological occurrence, geotechnical implications and an indication of appropriate mitigation and maintenance measures. For most types of rock mass, consideration of more than one transport mechanism may be appropriate. For existing slopes, the evaluation of deterioration morphology (see below) can help to refine the identification of likely transport mechanism. Where assessing slopes prior to excavation, it will be necessary to rely on the evaluation of rock mass type in the first instance. However, this information can be updated using the observational method (Nicholson et al. 1999) immediately after excavation has taken place. 
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Deterioration morphology
For existing slopes only, the identification and assessment of deterioration transport mechanisms can be more accurately evaluated by examining morphological features produced by past deterioration. Deterioration morphology includes erosional and depositional forms, in situ weathering features and other process indicators of weathering. Composite diagrams of some deterioration morphology are given in Figures 8-10 . Indicative photographic images together with more detailed descriptions of these morphological features have been given by Nicholson (2000 Nicholson ( , 2003 and can be accessed online.
RDA stage three
In the final stage of RDA, the information derived in stages one and two is combined to determine appropriate remedial and maintenance works to mitigate the deterioration hazard. A matrix of suggested mitigation measures is provided, which cross-references deterioration transport mechanisms with RDA A Class (Table 5) . Unlike the preliminary guidance provided in Table 4 , this matrix links mitigation specifically to the likely nature of deterioration. This guidance should then be considered in the light of the risks associated with deterioration, which must be done on a site-by-site basis. The treatment measures suggested in Table 5 are not intended to be prescriptive, but represent some of the more commonly adopted measures used in the UK. Actual selection of treatment measures and design of a maintenance programme depend on a variety of factors including cost, availability of materials, environmental impact, availability of expertise, planning conditions, local political issues, land use, land ownership, longterm management, aftercare and safe access for workers. The treatment measures suggested in Table 5 Fig. 9. Depositional morphology as a result of deterioration. are cumulative for each class. In any RDA Class, it will usually be unnecessary to apply all of the treatment measures listed, but with engineering judgement and a good understanding of site conditions, an appropriate selection can be made.
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Deterioration mitigation for quarried rockslopes
A number of reviews of rockslope remedial and maintenance works have been published, including those by Fookes & Sweeney (1976) , Fookes & Weltman (1989) , Giani (1992) , Dixon & Cox (1993) and Abramson et al. (1996) , and this will not be repeated here. However, there are some special considerations for quarried slopes that are worth mentioning, as these are often omitted from the engineering literature. Compared with highway cuttings, there may be greater flexibility in a quarry environment to address problems arising from slope deterioration. For example, it is relatively straightforward to move an endangered haul road or working area to another part of the quarry. It is also possible to prevent access to unsafe areas by vehicles, machinery and workers, as well as preventing public access. In some countries, daily working face inspections are required in law (e.g. The Quarries Regulations 1999), and this can help identify slope deterioration problems at an early stage.
In disused quarries, however, the risks posed by deterioration are highly dependent on the after-use to which the land is put and the nature of restoration works undertaken. Planning conditions, local politics and environmental considerations are likely to be highly influential in determining the solutions to deterioration. For example, stabilization measures used for road cuttings are often considered inappropriate because of the potential for aesthetic impact, cost implications and the possibility of such measures interfering with intended after-uses. Measures such as shotcrete, which cover large parts of the slope surface, for instance, would clearly be incompatible with geological conservation.
Slope deterioration could conceivably be beneficial for certain after-uses. Weathering can enhance the appearance of a slope, for instance, and this might be advantageous for quarries located in sensitive landscape areas. Equally, a loose, weathered substrate provides a better medium for plants to establish and for nesting sites in quarries given over to wildlife conservation.
Certain 'treatment' techniques can also be adopted in disused quarries that would be unusual for road cuttings. For example, it is possible to substantially regrade slopes or undertake partial backfilling. Restoration blasting techniques (Gagen 1988; Gagen & Gunn 1987 can also be used to create a completely new profile. Given these differences between quarried rockslopes and other excavated slopes in rock, and the wider variety of considerations involved, these additional treatment measures are not specifically addressed in RDA. This is because their selection is less related to the nature of the deterioration hazard and more to a range of other environmental and operational circumstances. This does not negate the use of RDA for quarried slopes, as it still allows evaluation of the susceptibility of deterioration as well as the nature of the hazard.
Some results and an example
It is evident from the RDA U and RDA A Ratings for 210 rockslope units investigated that the full range of values has been used (Fig. 11) . Application of adjustments for external factors considerably reduces the peak value and there is a shift towards higher values. Slopes cut in sedimentary rocks generally have higher RDA A Ratings than igneous or metamorphic rocks with the overall mean RDA A Ratings being 46, 34 and 36, respectively. This is not unexpected, as sedimentary rocks are generally weaker and therefore more likely to be weathered and fractured. The mean rating values also indicate differences in the behaviour of these three rock groups at material and mass scales, with the material property ratings being 20, 6 and 9, respectively, and the mass property ratings being 23, 22 and 25, respectively.
RDA as applied to a 700 m long rockslope cut in mica-rich sandstone (Figs 12 and 13) is summarized in Table 6 . Application of RDA stage one gave an RDA U Rating of 36. Several adjustments were made, including a negative adjustment of four for the nature of the rock mass structure (K2a) in which there were few fracture intersections because of strong layering. The total adjustment was +4, giving an RDA A Rating of 40 (RDA Class 2/3). On this basis, the recommended general approach to mitigation lies on the boundary between passive and active.
Several deterioration forms were evident from the field investigation, including evidence of surface water flow, deposition and in situ disintegration. The primary deterioration transport mechanisms in evidence were dominated by material processes. RDA stage three indicates that mitigation measures to be adopted in this situation (in addition to drainage measures) could comprise a selection from catch ditch and fencing, wire netting, shotcrete, mortar screeding, dentition and geotextiles. In reality, two of these measures, dentition and a catch ditch, are already in place.
Discussion
Many existing slopes cut in rock are prone to deterioration but are not being managed as effectively as they might because of a lack of consideration at the time of excavation. For engineered slopes such as highway cuttings, this often results in ad hoc inspection and treatment. For other excavated slopes such as some disused quarry faces, deterioration often continues unabated. RDA provides a rapid and simple method to identify deterioration problems and determine appropriate action.
Application of RDA to rockslopes prior to excavation
Although the application of RDA to existing rockslopes is likely to provide a more reliable evaluation, RDA can also be applied prior to excavation to gain useful indications of any deterioration hazard. For example, RDA applied at the feasibility stage can allow general treatment and maintenance requirements to be identified, assisting with overall planning and costing. Although it is not possible to determine some RDA components directly (e.g. deterioration transport mechanisms and morphology), inferences can be made about their likely nature from an understanding of the rock mass structure and external influences. Rock mass and material properties can be determined from borehole logs and trial excavations or extrapolated from representative exposures nearby. Some external factors can also be easily determined from local and site information (e.g. altitude, dynamic stress, direct disturbance), and others can be controlled to some extent (e.g. aspect, static stress, slope geometry, stabilization measures, excavation method, vegetation cover). Some external factors are more difficult to predict for proposed slopes (e.g. groundwater, surface runoff and some aspects of rock mass structure), but good estimates can be made based on the information available. Any provisional assessment of deterioration hazard can be updated and modified as necessary immediately following excavation.
Application of RDA beyond the UK
RDA was designed on the basis of fieldwork conducted in the UK and its use beyond this country inevitably introduces some uncertainty. However, application of ratings to the four key parameters need not be affected, as these are intrinsic properties independent of external factors. Nevertheless, ratings applied to certain adjustment factors could be expected to vary considerably in different geographical regions. These are A (altitude, exposure and climatic conditions), B (aspect) and E (dynamic stress). Regional variations in A and B are obvious and would need to be considered separately for different climatic zones. For regions that have a greater level of seismicity than the UK or are tectonically immature, a new adjustment would need to be developed under category E to account for deterioration transport mechanisms induced by ground movement. Some minor modifications might need to be made to the supporting explanation to adjustment H (vegetation).
Summary and conclusions
The RDA presented here is an empirically based approach, in which relationships between properties have been established on a statistical, experiential or 
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observational basis. In keeping with other classifications, RDA is very widely applicable, is simple to apply and requires relatively little data input. The drawback of classifications, in general, is that although developed primarily as a design tool they are often misused and applied in isolation from other methods. This can lead to oversimplification of investigations (Bieniawski 1989) , and features or conditions of critical interest can be missed. The ratings and guidance notes provided in the RDA method are intended as a design and planning tool, and should be used as a mechanism to aid understanding and evaluation of slope deterioration as well as a means of drawing attention to key contributory factors. It is intended that RDA should be undertaken alongside other investigative methods such as desk and field reconnaissance, site survey and sampling, laboratory testing and geotechnical monitoring where appropriate.
RDA is distinct from existing rock mass classifications and slope hazard assessment methods in that it specifically addresses deterioration and susceptibility to deterioration, which is progressive, weathering-related, shallow and non-quantifiable. RDA incorporates the fundamental principle that the potential nature, or mechanism of weathering-related erosion or mass movement is of equal importance to deterioration susceptibility in determining appropriate slope treatment. This allows the consideration of weathering as a progressive influence rather than a static condition merely reflected in material properties. Also fundamental to RDA is the equal weighting given to rock mass and material properties, in contrast to many rock mass classifications in which mass properties dominate.
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